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FORE WORD 

This repor t  descr ibes  the research  activity ca r r i ed  out in fulfillment 
of Contract NAS3-4174 during the period f rom May 14, 1964 through 
November 15, 1964. The work w a s  conducted under the direction 
of the Space Power Procurement Section, Lewis Research Center ,  
National Aeronautics 81 Space Administration, with Robert  L .  Davies 
acting as Pro jec t  Manager. 
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ABSTRACT 

The effect of a simulated space environment on selected high-emittance 
coatings is being evaluated. 
AISI-310 s ta inless  s teel  o r  columbium - 1 percent zirconium alloy. 
The resu l t s  obtained to date indicate that calcium titanate and i ron  
titanate a r e  suitable mater ia l s  for space radiator  coatings.  

The coatings were applied to e i ther  

During the f i r s t  six months of the program,  four total hemispherical  
emittance r i g s  used in a previous program were modified to permi t  
specimens to  be tes ted a t  temperatures  up to  1800°F a t  p re s su res  
lower than mm Hg for  periods up to 5000 hours .  

The selection of mater ia l s  for  long-term emittance testing was based 
on resu l t s  f r o m  previous emittance programs conducted a t  P r a t t  & 
Whitney Aircraf t  and on the resul ts  of a study of the l i t e ra ture .  Can- 
didate mater ia l s  were subjected to  shor t - te rm emittance testing to  
confirm that their  emittance was 0.85 o r  better and that their  stability 
during exposure to high temperature  and vacuum warranted extended 
testing. During the repor t  period, coatings of calcium ti tanate,  i ron  
t i tanate,  and a zirconium diboride -molybdenum disilicide composition 
were  subjected to  sho r t - t e rm emittance testing. 
that calcium titanate and i ron  titanate were suitable for  long t e r m  
emittance testing. 

The resu l t s  indicat2d 

Three  specimens a r e  being tested in the long-term total hemispherical  
emittance r i g s .  
with calcium titanate. 
2000 hours  have been accumulated to date. The emittance has  been 
s table  a t  0.91 throughout the period. 
s ta inless  s teel  coated with iron-ti tanate.  A total of about 1000 hours  
with a steady emittance of 0 .89  have been accumulated. 
specimen is columbium - 1 percent zirconium coated with i ron  t i tanate.  
The emittance for  this specimen var ied  between 0.88 and 0.85 during 
the 1950 hours  of testing at 1 7 0 0 ° F  accumulated to date.  These tests 
will be continued until each specimen has  been tes ted for  5000 hour s .  

The f i r s t  of these is AISI-310 s ta inless  s teel  coated 
This test is being conducted at  1350 "F and about 

The second specimen i s  AISI-310 

The third 

Adherence tes t s  were conducted on AISI-310 s ta inless  s teel  specimens 
coated with 4-mil  l aye r s  of calcium ti tanate.  
evaluated by vibrating the specimen a t  a frequency of 120  cps for  up 
t o  10 There  was no 
indication of coating separation o r  spalling during the tes t .  

The adherence w a s  

cycles with a maximum s t r e s s  of 55,000 psi .  
The tes t s  - 

were  terminated by failure of the substrate .  

PAGENO. iii 
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I. INTRODUCTION 

A program is being conducted to determine the suitability of selected 
high-emittance mater ia ls  for use as coatings on nuclear space power- 
plant rad ia tors .  The coating materials a r e  being evaluated a t  elevated 
temperatures  and high vacuum for their  emittance stability, adherence , 
and compatibility when applied to AISI-310 s ta inless  s teel  o r  columbium - 
1 percent zirconium. This report  descr ibes  the work conducted during 
the f i r s t  six months of the program. 

The program i s  divided into five phases.  
modification of four total hemispherical  emittance r ig s  used previously 
fo r  testing coatings of SNAP-8 and Sunflower I tes t  radiator  sections 
at 700°F.  
specimens a t  temperatures  up to 1800°F in vacuums of m m  Hg 
o r  better for periods of a t  least 5000 hours .  F o r  Phase  11, selected 
mater ia l s  coated on AISI-310 stainless s tee l  o r  columbium - 1 percent 
zirconium tubes a r e  tes ted for 250 hours at elevated tempera tures  to 
determine their  suitability for  long-term testing. During the 250-hour 
t e s t ,  the specimens a r e  thermally cycled a f te r  initial heating, and af te r  
100 and 200 hours  of testing to determine the adherence of the coating. 
The specimens a r e  required to demonstrate an  emittance of 0.85 o r  
bet ter  before being accepted for long-term testing. Phase 111 i s  the 
5000-hour emittance testing. Specimens with AISI-310 stainless s teel  
substrates  a r e  tested a t  1350°F and those with columbium - 1 percent 
zirconium substrates  a r e  tested a t  1600 to 1800°F. Testing includes 
thermal  cycling af ter  300, 400, and 500 hours .  Phase  IV i s  a room- 
temperature  fatigue tes t  program for the candidate coatings on AISI- 
310 s ta inless  s tee l  o r  columbium - 1 percent zirconium. F o r  these 
t e s t s ,  the specimens a r e  vibrated a t  120 cps for up to 10 cycles with 
var ious s t r e s s  levels.  
coatings recommended by the Contractor and approved by the NASA 
project manager .  During all phases of the program,  chemical and 
metallurgical examinations, including X-ray  analysis ,  microhardness  
testing, and metallographic examinations, a re  conducted when warranted. 

Phase  I consists of the 

When modified, the r igs  a r e  suitable for  testing tubular 

Phase  V consis ts  of the testing of new, promising 
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11. COATING MATERIAL SELECTION 

A .  Introduction 

The initial selection of coating mater ia ls  for  long-term endurance testing 
w a s  based on the resul ts  of previous emittance testing and on a study of 
new mater ia ls  in the l i t e ra ture .  Final selection w a s  based on the r e -  
sults of shor t - te rm endurance tests and an evaluation of the chemical,  
metallurgical,  and mechanical properties of the candidate mater ia l s .  

During the previous program conducted under NASA contract NASw- 
104, over 70 mater ia ls  were tested to evaluate their  high-temperature 
emittance and adherence properties in vacuums of 10-6 m m  Hg o r  
higher.  The mater ia ls  tested included metals ,  metals with oxidized 
sur faces ,  and various refractory ceramic  coatings. The coatings 
w e r e  applied by various techniques including thermal  spraying, electro- 
plating, and with liquid binders. The resu l t s  of the previous program 
indicated that calcium titanate, i ron  titanate , nickel chrome spinel,  
and silicon carbide were the most promising mater ia ls  of those tested 
for  space radiator  applications, These mater ia ls  exhibited emittance 
values of 0 .85  or  better when tested in a vacuum of o r  higher a t  
elevated te mpe ra tur  e s . 
The sea rch  for new mater ia l s  indicated that zirconium titanate, 
columbium titanate, and a zirconium diboride -molybdenum disilicide 
composition were promising. 

B. Calcium Titanate 

Ten calcium titanate coatings were tes ted in the total hemispherical  
emittance r igs  during the previous program. 
5 mi ls  thick and were applied by e i ther  plasma spraying o r  aluminum- 
phosphate bonding to AISI-310 stainless s teel ,  columbium, o r  columbium - 
1 percent zirconium. 
f r o m  300 to  2200 O F .  

measured  with the lower values occurring either a t  very high temperatures  
o r  as a resul t  of inadequate bonding. 
titanate coatings a r e  quite stable in vacuums of 

The coatings were 1 to 

Testing w a s  conducted a t  temperatures  ranging 
Emittance values ranging f rom 0.61 to 0 .91 were 

The tes t s  indicated that calcium 
m m  Hg o r  higher 

PACE NO. 2 



at temperatures  up to 1450'F. 
spraying produced better calcium- titanate coatings than aluminum 
phosphate bonding. 

'The data a l so  indicated that piasrna 

C .  Iron Titanate 

Seven iron-titanate coatings plasma sprayed on columbium- 1 percent 
zirconium tubes were tested during the previous program. These 
coatings were between 2 and 5 mils thick and were tested over the 
temperature  range of 300 'F to 2200 OF. The data indicates that i ron  
titanate is stable up to 1800°F for the shor t  periods for which it was 
tes ted and that the emittance is generally in the range of 0 .85 to 
0.88. 

D. Nickel-Chrome Spinel 

PWA-25 18 

Nickel-chrome spinel coatings were prepared fo r  the previous program 
by heating stoichiometric mixtures of nickel oxide (NiO) and chromic 
oxide (Cr2O3) a t  2500°F for 10 hours .  One mix was f i red in a i r  and the 
resulting mater ia l  w a s  70 percent spinel. A second mix w a s  f i red  in 
a n  oxygen-rich atmosphere and the resulting mixture was 80 percent 
spinel.  A total of five coatings were applied to columbium-1 percent 
zirconium by plasma spraying and tes ted.  The resul ts  indicated that 
the coatings containing the higher spinel concentrations exhibited higher 
emittance values and that the mater ia l  w a s  stable a t  1600°F  for  a t  l eas t  
260 hours .  At 1800 'Fa however, the emittance dropped appreciably 
during a 100 hour tes t .  

E .  Silicon Carbide 

Seven total hemispherical  emittance t e s t s  were  made during the previous 
program with silicon -carbide coatings aluminum-phosphate bonded to 
columbium- 1 percent zirconium tubes.  
f r o m  400 and 600 mesh silicon carbide powder and were 4 to 8 mils  
thick. 
indicated that an emittance of 0 . 9 0  o r  bet ter  could be achieved, but that 
i t  was difficult to achieve adequate bonding. 
amount of s ca t t e r  in the data. 
phosphate w a s  l imited to temperatures  below 1400 O F ,  and in some c a s e s ,  
the binder lowered the emittance. 

The coatings were prepared 

Testing conducted over the temperature  range of 300°F to 1700°F 

There was a substantial 
Silicon carbide bonded with aluminum 

Thermal  spraying was not possible 

PAQE NO. 3 



since silicon carbide has  no melting o r  softening point. 
silicon carbide was considered fo r  the present program provided a -  
suitable bonding technique could be developed. 

Consequently, 

F. New Materials 

PWA- 25 18 

During this report  period, a continuous l i terature  search  for new cz 
coating mater ia ls  was conducted. In addition, severa l  manufacturers 
and r e sea rch  institutes engaged in the development, manufacturing , o r  
testing of refractory coatings were visited. 

Several  mater ia ls  were found which appeared to have potential for space 
radiator  coatings. 
titanate , columbium ti tanate,  and a zirconium diboride -molybdenum 
disilicide composition. 
Carborundum Corporation, Niagara Falls, New York under the t rade 
name "Boride Z . "  The emittance values of sintered, and hot-pressed 
specimens have been reported. 

Those chosen for  additional study were zirconium 

This las t  mater ia l  was developed by the 

1 

G. Conclusions 

On the basis  of previous tes t  resul ts ,  a l i t e ra ture  sea rch ,  and a s u r -  
vey of the industry,  calcium titanate, i ron  titanate, nickel chrome 
spinel, silicon carbide , zirconium titanate , columbium titanate, and 
a zirconium diboride -molybdenum dis ilicide composition were selected 
for  additional study. 

I. M. Logan and J .  E .  Niesse, "Process  and Design on a Boride- 
Silicide Composition Resistant to  Oxidation to 2000 'C , '' USAF 
Contract AF33 (616)-8014, ASD-TDR-62-1055, November 1962. 

PAQLNO. 4 
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111. APPARATUS 

A,. Introduction 

The basic apparatus used in this program were developed during 
previous contracts for the measurement  of emittance of typical space 
radiator  coatings. 
environment for  extended periods and to provide accurate  emittance 
data. 
accordance with the following requirements.  

The equipment was designed to simulate a space 

To fulfill these objectives, the tes t  r igs  were designed in 

1. The tes t  specimen must radiate to an adequately low-temperature ,  
high-absorptance heat sink. 

2.  The energy dissipated by the tes t  specimen must  be accurately 
accountable. 

3 .  The tes t  chamber must operate a t  p re s su res  no higher than 

dupli cat e d. 
mm Hg in order  that space conditions a r e  essentially 

, 
4. The sys t em must be capable of operating continuously fo r  

periods g rea t e r  than one yea r .  

5 .  Sufficient instrumentation must  be used to permit  a l l  specimen 
operating parameters  to be determined accurately,  and the 
instrumentation must be designed to ensure long-term reliabil i ty.  

6 .  The sys t em must  be flexible so  that a change in the specimen 
design o r  in  tes t  conditions can be easily accommodated. 

Five of the r igs  designed and built in accordance with these requirements  
fo r  the previous program a r e  available f o r  use in the cur ren t  program. 
These r igs  have been modified so that each is capable of providing total 
hemispherical  emittance data a s  a function of time and tempera ture .  
Tes t s  of at l ea s t  250 hours  duration a re .  conducted in  one of the r igs  
to sc reen  coatings being considered for extended testing. 
maining r igs  a r e  being used for  5000-hour tes t s .  

The r e -  

B. Short-  T e r m  Endurance Rig 

The shor t - t e rm endurance rig is  used to determine emittance stability 
at selected temperatures  for periods up to  300 hours .  
cludes a vacuum chamber,  an evacuation sys tem,  an  instrumentation 

The rig in- 

PAGE NO. 5 
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flange, a specimen-heating power supply, and temperature  measu re -  
ment instrumentation. The rig is shown in F igure  1 and a schematic 
diagram is shown in Figure 2 .  

Th.e vacuum chamber,  which was made of AISI-304 stainless  s teel ,  is 
13 inches long and has  a 3-inch inside diameter .  The inside wall  was  
coated by brush with a "3M Black Velvet" coating to provide a low- 
reflectance radiation sink. This enamel coating was  tes ted p r i o r  to 
this  program and was  found to have a total hemispherical  emittance 
between 0.90 and 0.95 through the 200 to 700°F t empera ture  range. 
The actual composition of the coating is held propr ie ta ry  by the 
Minnesota Mining and Manufacturing Company. 

A viewing port for  specimen observation and optical measurements  is 
located a t  the midpoint of the chamber. 
plane quartz  window cemented to a s ta inless  s teel  cel l  with epoxy r e s in .  
T k c e l l  assembly is bolted and sealed with a gold O-ring to a mating flange 
which is welded to a tubular extension f r o m  the chamber wall. 
window is protected f rom condensate by a magnetically controlled rolling 
disk shutter installed in  a slot between the cell and the flange. 
chamber is wrapped with 3/  16-inch diameter  copper tubing for  water 
cooling to minimize radiation from the walls. 
element is wound over the cooling coil to bake out the chamber during 
initial evacuation. 
attachment of the vacuum manifold and for  inetallation of 
the instrumentation flange. Vacuum sealing is accomplished by 
means of 0.020-inch diameter  fully annealed gold O-rings compressed 
between polished sealing surfaces.  

The port consis ts  of an optically 

The 

The 

In addition, a heating 

Flanges a t  both ends of the chamber provide for  

The vacuum manifold connects a 40-li ter-per-second ion-gettering 
pump, a titanium sublimation pump, an ionization gauge, a cold t r a p  
assembly,  and a roughing valve to the chamber .  The manifold is  de- 
signed such that no valves o r  ducts a r e  located between the chamber 
and the pumps so  that the optimum pumping speed for  the sys tem is 
achieved. 

A mechanical roughing pump with a liquid nitrogen cold t r ap  is used 
during bakeout and i s  a l so  used to establish the start ing condition 
fo r  the ion-getterin g and sublimation pumps. 
pump, and the sublimation pump a r e  a l l  equipped with bakeout hea ters  to 
facilitate outgassing. 
thermocouple vacuum gauge. During testing, p re s su res  in the mm 
Hg range a r e  maintained by using the ion-gettering pump and the titanium 
sublimation pump. The walls of the sublimation pump a r e  wrapped with 
1/4-inch diameter  copper tubing to provide water cooling and to increase  

The manifold, ion-gettering 

P r e s s u r e  during bakeout is monitored with a 
I .  
I 
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the efficiency of the pump. The chamber p re s su re  is  determined by a 
Bayard-Alpert type ionization gage and by measuring the ion-gettering 
pump cur ren t  and determining the p re s su re  f rom calibration curves.  

The instrumentation flange provides power feed throughs, thermocouple 
feed throughs,  and the specimen mounting and positioning assembly.  
mounting assembly has a thermal expansion take-up device which a l so  
positions the specimen away from the centerline of the chamber to 
minimize the effect of reflections f rom the chamber walls back onto 
the specimen. The instrumentation flange is equipped with terminals  
for  three platinum - platinum 10 percent rhodium thermocouples and 
a se t  of voltage leads.  

The 

Specimen temperature  i s  measured by thermocouples a t  temperatures  
below 1300 'F and by thermocouples and an optical pyrometer focused 
on an integral  black-body hole i n  the specimen a t  temperatures  above 
1300'F. 

I 

1 The specimen power supply consists of a multi-tap step-down power 

! fo rmer .  Power measurements  a r e  made by measuring the voltage drop 
' a c r o s s  the specimen tes t  section and a c r o s s  a cur ren t  shunt by means 
i of an AC -DC differential voltmeter.  

t r ans fo rmer ,  the pr imary of which i s  controlled by a variable t r ans -  

I 
Thermocouple outputs for tempera-  

tu re  measurement  a r e  measured with a slide-wire millivolt potentiom2ter 
used 4.n conjunction with an ice bath reference junction. 

The shor t  t e r m  endurance rig was modified for  the present s e r i e s  of 
t e s t s  by the addition of a new vacuum manifold, titanium sublimation 
pump, ionization gauge, cold t r ap  assembly,  and roughing valve. The 
modifications enable lower ultimate chamber p re s su res  to be attained, 
especially with specimens that outgas severely.  
vide a n  al ternate  method of chamber p re s su re  measurement  and enable 

I 

The changes a l so  pro- i 
I i simplifications in operating procedures.  The increased  s ize  of the 
i modified r ig  required that the r i g  be moved f rom i t s  fo rmer  location 
1 on the long t e r m  emittance rig bench to a rolling table on which the 
, associated rig equipment could be mounted. 
I 
I C .  Long-Term Endurance Rigs 

The long t e r m  endurance r i g s  a r e  used for  emittance stability tes ts  a t  
selected temperatures  for  periods in excess  of 5000 hours .  
containing the r igs  is shown in Figures 3 and 4 .  Four  r ig s ,  each con- 
sist ing of a vacuum chamber,  an instrumentation flange, evacuating 
equipment, a power supply for  specimen heating, and instrumentation 

I 
The facility 
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for  measuring power and temperature a r e  available. 
of the r igs  a r e  in operation. 

At present ,  three 

The vacuum chambers ,  shown in Figure 3 ,  a r e  20 inches high, have 
inside diameters  of 15 1 / 2  inches, and were fabricated f rom 
AISI-304 s ta inless  steel. 
coils a r e  incorporated in the chamber walls. 
window is provided for  observation of the specimen and for obtaining 
radiation ,measurements.  Magnetically controlled polished s ta inless  
s tee l  shut ters  a r e  used to prevent heating of the window by specimen 
radiation, to  prevent reflection and radiation to the specimen,  and 
to protect the window f rom condensate. 
located 180" frcim the large window and is  fitted with a Bayard-Alpert  
type ionization gauge for measuring chamber pressure .  

Permanent bake-out heaters  and cooling 
A 5.4-inch diameter  

A 3-inch square por t ' i s  

The inside of each chamber is  coated with a high absorptance coating. 
One chamber inter ior  is coated with acetylene black in xylol, another 
is coated with nickel-chrome spinel plus silicon dioxide bonded with 
aluminum phosphate, and another is coated with silicon carbide plus 
si l icon dioxide bonded with aluminum phosphate solution. 
chambers  were coated during a previous contract  and the coatings 
were  s t i l l  serviceable.  
w a s  sprayed with "3M Black Velvet" coating. 

These 

The fourth chamber had to be recoated and 

The instrumentation flanges a re  designed to be independent f rom the 
basic vacuum chambers.  
thermocouple and power feedthroughs , thermocouple standoffs, and 
a thermal  expansion take-up device. 
tion flange external  to the vacuum chamber contains the coolant 
manifold and the power and thermocouple connections. 
mentation flange is shown in Figure 5. 

They contain the specimen supports ,  

The portion of the instrumenta- 

The instru-  

The instrumentation flange has provisions for seven platinum- 
platinum 10 percent rhodium thermocouples and five chromel-alumel  
thermocouples. 
lead solder  and one flange was assembled using low-temperature 
s i lver  solder.  

Three flanges were assembled using high-temperature 
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I I A mechanical vacuum pump in conjunction with a liquid nitrogen cold 
t r a p  is used during bake-out and pump-down of the sys tem to the 
start ing pressure  of the 40-liter/second ion-gettering pumps. 
ion-gettering pumps a r e  bolted directly to the baseplates of the r ig s  

1 and a r e  used continuously during testing. The pumps a r e  capable of 
' producing p res su res  below 1 x 10-9 m m  Hg and maintain p re s su res  
~ in the mm Hg range with the specimens heated to endurance 

conditions. Gold O-rings,  copper gaskets,  and Teflon sea ls  a r e  used 
1 for sealing the various vacuum chamber components. The chamber  
1 pres su re  is determined both by a Bayard-Alpert type ionization gauge 
I and by measuring the ion-gettering pump cur ren t .  

The 

A l l  instrumentation and r ig  controls a r e  contained in a contr.01 
console a s  shown in Figure 4. The console is  s e t  up to provide 
centraliz,ed control for each rig a s  indicated in the block diagram 
in Figure 6. The control system for  each r i g  includes a safety 
device which wi l l  automatically shut down the tes t  in the event of a 
power failure o r  loss  of cooling water. The tes t  must  be manually 
s ta r ted  after the power o r  water has  been restored.  The instrumen- 
tation sys tem includes a multipoint millivolt r e c o r d e r ,  which, by 
means of a time-controlled stepping relay,  automatically records  the 
chamber and specimen thermocouple outputs hourly. A manually 
operated slide-wire potentiometer is  used to provide highly accurate  
temperature  data for emittance calculations. 
and cur ren ts  a r e  measured by a highly accurate AC-DC differential 
voltmeter.  

Specimen voltages 

The original r igs  were  designed to permit  easy conversion for other 
types of testing. To adapt the rigs f o r  the present tes t  program, the only r e -  
quirements were the replacement of the instrumentation flange and the 
addition of a step-down power t ransformer.  In addition, an 
ionization gauge was added to the chamber to provide a supplementary 
method of chamber p re s su re  measurement.  The elements in the ion- 
gettering pumps were  replaced to ensure reliability. 
wall of one chamber was recoated. The. instrumentation and control 
console required no modifications. 

The inter ior  
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IV.  SPECIMEN PREPARATION 

A. Description 

The specimens used for the total hemispherical  emittance and 
endurance testing consist  of coated tubes which a r e  9 inches long, 
0 . 2 5 0  inch in d iameter ,  and have a wall thickness of 0.010 inch. 
The tubes used for this study were made of either AISI-310 s ta inless  
s teel  o r  columbium- 1 percent zirconium alloy. These alloys were  
ordered to the specifications shown below. 

Columbium - 1 Percent  Zirconium AISI- 3 10 Stainles s Steel 
24.00 to 26. 007’0 

Zirconium 0.8 to 1. 270 Nickel 19.00 to 22.007’0 
Columbium 98. 570 minimum Chrome 

Carbon 100 ppm maximum Manganese 2.0070 maximum 
Nitrogen 300 ppm maximum Silicon 1. 5070 maximum 
Oxygen 300 ppm maximum Carbon 0.257’0 maximum 
Hydrogen 20 ppm maximum 

The emittance tubes have two black-body holes 0.0235 inch in 
diameter  through one wall at the midpoint. 
longitudinally by 0. 0522 inch and displaced laterally by 0. 043 inch 
f rom the tube centerline. 
saturated solution of concentrated sulfuric acid and potassium 
dichromate to remove organic contaminates before the coating is 
applied. 
at 100 psi .  to a roughness height of 110 microinches a s  determined by 
a profilometer using arithmetic averaging. 

The holes a r e  separated 

The tubes a r e  thoroughly cleaned in a 

The tubes a r e  thengri t  blasted with 60 mesh  silicon carbide 

B. P lasma-Arc  Spraying 

A l l  of the coatings for this program a r e  applied by plasrna-arc 
spraying. P l a sma-a rc  spraying utilizes the high energy of an 
e lec t r ic  a r c  to ionize a gas and form a plasma. The energy of the 
plasma i s  re leased a s  heat. The coating mater ia l ,  in powder fo rm,  
is propelled through the plasma, where it absorbs heat and me l t s ,  
toward the specimen surface.  The high tempera tures  attainable and 
the non-oxidizing atmosphere provided by plasma spraying a r e  more  
suitable for the intended applications than the conditions produced by 
flame spraying. 
Ai rcraf t  using Plasmadyne equipment. 

The coatings tested were applied by P r a t t  & Whitney 
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After being coated, the tubular specimens a r e  flattened for 3 / 4  inch 
a t  each end to  facilitate clamping to the power electrodes.  
flattening process  results in the removal of most  of the coating in 
the clamping region and any remaining residue i s  removed by means 
of an abrasive to ensure good electrical  contact. A few flakes of 
the coating removed in this operation a r e  saved and analyzed fo r  
comparison with the analysis of the coating af ter  the test .  

The 

The black-body holes a r e  reamed with a dr i l l  to remove any 
coating mater ia l  that might have accumulated during the coating 
process .  

C.  Specimen Instrmentation 

The location for thermocouple and voltage lead attachment points 
a r e  marked on each specimen. 
rectangular a r e a ,  0.010 x 0 . 0 3 0  inch, a t  each location by means 
of a tungsten-carbide scraping tool. 
leads a r e  attached by resistance welding to the substrate  metal  
with a capacitive discharge welder. 
-Joltage leads i s  measured with a measuring microscope to allow 
prec ise  calculation of the t e s t  section radiating a rea .  

The coating is then removed f rom a 

The thermocouple and voltage 

The distance between the 

The specimens for shor t - te rm endurance tes ts  a r e  normally 
instrumented with three platinum-platinum 10 percent rhodium 
thermocouples and two voltage leads. 
endurance tes t s  a r e  instrumented with seven platinum-platinum 
10 percent  rhodium thermocouples and five chromel-alumel thermocouples. 
For these specimens,  the thermocouple wires  a r e  used as voltage leads.  

The specimens for  long-term 

D. Specimen Installation 

The instrumented specimen is clamped into the flange between the 
specimen end clamps and held under tension by the thermal  expansion 
take-up device. The thermocouple wires  a r e  attached to the thermo- 
couple standoffs by resis tance welding. The chamber  is  then vacuum 
sealed and pumped down with a mechanical roughing pump backed 
by a liquid-nitrogen cold t rap.  
and the chamber is baked out at 350°F for a period ranging f rom two 
to twenty-four hours depending on the degree of contamination. 
During bakeout, the chamber pressure  i s  monitored with a thermo- 
couple vacuum gauge. After bakeout i s  completed, the ion-gettering 
pump is s ta r ted  and the valve to the roughing pump and cold t r ap  is 

The b3keout hea ters  a r e  turned on 
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closed. The sys tem is allowed to cool, and,  generally,  ultimate 
p re s su res  in  the 10-9 m m  Hg range a r e  obtained within 16 hours 
af ter  start ing the ion-gettering pump. The specimen is then heated 
to  the des i red  operating temperature.  During testing, the chamber 
walls a r e  water  cooled to maintain a constant sink temperature.  

The power input to  the specimen is determined by measuring the 
voltage drop  a c r o s s  a calibrated shunt to obtain the cur ren t  and by 
measuring the voltage drop across  the t e s t  section. Both measure-  
ments a r e  made using an AC-DC differential voltmeter.  The length 
and location of the tes t  section a r e  determined by the position of the 
voltage leads.  
endurance r igs  allows the use of any two thermocouple wires  for 
voltage leads. 

The instrumentation circui t ry  of the long-term 

The specimen and chamber wall temperatures  a r e  determined by 
measuring thermocouple outputs with a s l ide-wire  millivolt 
potentiometer used in conjunction with an ice bath reference junction. 
A t  temperatures  above 1300 O F ,  the specimen temperature  is a lso 
measured using an optical pyrometer focused on one of the integral  
black-body holes in the specimen. 

After the emittance testing is completed, the r igs  a r e  vented to 
atmospheric p re s su res  using dry nitrogen. The specimens a r e  
removed f rom the r i g s  and subjected to additional testing and 
evaluation a f t e r  which they a r e  s tored  in t ransparent  plastic tubes 
for  future reference.  
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V. EMITTANCE CALCULATIONS AND ERROR ANALYSIS 

The total hemispherical  emittance is  determined f rom the data by 
using the following equation: 

IV - 
' t h  - 

u A ( T S  4 - To4) 

where: 

- total hemispherical  emittance th - 

I = curren t  through the tes t  section 

V = voltage drop a c r o s s  the t e s t  section 

Q = Stefan - Boltzmann constant 

A = sur face  a r e a  of the tes t  section radiating power 

T, = temperature  of the t e s t  section 

To = temperature  of the chamber wall 

The maximum instrumentation e r r o r  fo r  each of the measured 
quantities is estimated as follows: 

Est imated E r r o r  
( P e r  cent) 

Specimen heating cur ren t  *o. 2 
Tes t  section voltage drop * O ,  2 

* O .  2 5  Test  section radiating a rea  
Thermocouple measurement of 

Optical pyrometer measurement of 
t e s t  section temperature  *o. 5 

tes t  section temperature  * O .  4 

Since e r r o r s  f rom other causes a r e  negligible, the m a x i m u m e r r o r s  in 
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reported total hemispherical  emittance values obtained with the 
present  r igs  a r e  A2.7 percent when temperatures  a r e  measured 
by thermocouples and i2.3 percent when temperatures  a r e  
measured  by an optical pyrometer. 
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VI. SHORT-TERM ENDURANCE EMITTANCE TESTS 

A .' Introduction 

Those mater ia l s  which appeared to be most  promising on the bas i s  of 

PWA-25 18 

I 
All shor t - te rm testing was performed in  the sho r t - t e rm total hemispheri-  

I 
' cal emittance r ig .  
' thermal  shocks produced by shutting off the power to the specimen and 
~ allowing i t  to cool to the sink temperature .  The specimen cooling rate 
I is shown in F igures  7 and 8 for starting tempera tures  of 1350'F and 
' 1700 'F respectively.  Subsequently, the specimen w a s  slowly returned 

During the tes t s ,  the specimens were subjected to 

. 

to the operating temperature.  

I 

~ B. Tes t  Results 

, Iron Titanate - Two shor t - te rm endurance tes t s  were performed on 

~ t i tanate.  
columbium-1 percent zirconium tubes coated with a 4-mil layer  of i ron  

iThe first tes t  was conducted a t  1800'F in  a vacuum of about 
I The t e s t  w a s  run for  29.8 hours when i t  w a s  terminated because of a 
separation of a voltage lead from the specimen. During the tes t ,  the 
total hemispherical  emittance was 0.86. 

mm Hg. 

/The  second tes t  was conducted for 200 hours  at 1700'F and 118 hours  
a t  1800'F. The emittance values obtained during this tes t  ranged f rom 
/ 0 . 8 6  to  0.88. The emittance remained steady a t  0.88 for  the l a s t  100 
,hours .  
changes in the specimen as a result  of testing. 
the same as i t  was before testing, and no indications of cracking o r  
'spalling were present .  Examination of the rig showed that no coating 
volatilization occurred .  This specimen, therefore ,  was selected for 
!testing a t  1700'F for  5000 hours in one of the long-term hemispherical  

Visual examination of the specimen af te r  testing revealed no 
The coating texture was 

I 
1 
b /emittance endurance r ig s .  

@n AISI-310 s ta inless  s teel  tube coated with a 4-mil  layer  of i ron  
titanate w a s  endurance tes ted at  1350'F for  263 hours  i n  a vacuum 
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of about mm Hg in  the shor t - te rm hemispherical  emittance rig. 
The emittance values obtained were about 0. 90 but were  somewhat 
e r ra t ic .  This e r r a t i c  behavior w a s  l a t e r  found to be a resu l t  
of faulty instrumentation. In order  to be cer ta in  of the emittance,  
an additional 44-hour tes t  was conducted a t  1350°F af te r  rein- 
strumentation. A constant emittance value of 0. 89 was measured. 
This specimen was subjected to thermal cycling a f te r  initial heating, 
after 100 hours,  and after 200 hours. 

The tested specimen was thoroughly examined af te r  the shor t - te rm 
hemispherical  endurance test. 
coating and no cracking o r  spalling of the coating from the substrate  
were  apparent.  This specimen w a s ,  therefore ,  selected a s  the 
second specimen for  a 5000-hour 
endurance rig. 

No change in the appearance of .the 

t e s t  in the long-term hemispherical  
The operating temperature was to be 1350°F. 

The i ron  titanate powder used for these tes t s  was obtained from the 
Continental Coating Company. The particle s ize  distribution of the 
powder a s  received is shown in Table 1. 
before use showed no crystall ine phase other than i ron titanate 
(Fez Ti  05) to be present. Emission spectrographic analyses de-  
tected the presence of 0 .5  percent Mn, 0. l percent Mg, 0. 7 percent  
Al l  and 0. 03 percent Cu. 

Analysis made of the powder 

TABLE 1 

Par t ic le  Size of Iron Titanate Powder 

Par t ic le  Size 
(Microns) 

66 
52 
41 
33 
26 
21 
17 
15 
13 
10 
8 
6 
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Cumulative Weight 
Percent  

0 
15.0 
24.0 
38.0 
39.0 
50.0 
57.0 
65.0 
71.0 
81.0 
91 .0  

100 
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The coatings were applied by P ra t t  & Whitney Aircraf t  by plasma 
spraying using Plasmadyne equipment. Argon was used for  both the 
arc gas  and powder c a r r i e r  g a s  with respective flow-rates of 45 and 
40'cubic feet per  hour. The current  used was 450 amperes .  Before the 
coatings were  applied, the substrate was heated to approximately 250°F 
by blasting the specimen with the argon c a r r i e r  gas. The distance 
from the gun to the substrate  was approximately three inches. 

I 
'The  i ron titanate coating was analyzed af te r  i t  w a s  plasma sprayed 
j onto the columbium- 1 percent zirconium tubes. 
analysis  was obtained f rom the end of the columbium-1 percent zirconium 
tube. 
phase. The emission spectrographic analysis detected the same elements 
in about the same percentages a s  previously. 

The mater ia l  for  

The X-ray diffraction analysis detected only i ron  titanate c rys ta l  

Calcium Titanate - An AISI-310 stainless s teel  tube coated with a 4-mil 
layer  of calcium titanate was tested for  265 hours  a t  1350°F. 
hemispherical  emittance data obtained during the f i r s t  par t  of the tes t  was 
0.88. 
this value for the final 65 hours .  Thermal  cycling tes t s  were performed 
af te r  initial heating, af ter  100 hours,  and af te r  200 hours .  

The total 

The emittance increased to 0.89 a f te r  200 hours  and maintained 

Visual examination of the specimen af te r  removal f rom the sho r t - t e rm 
emittance rig showed no change on the coating texture,  and there  w a s  no 
indication of cracking or  spalling. 
revealed no volatilization of the coating during testing. This specimen, 
therefore , was selected a s  the third specimen for long-term endurance 
testing. The operating temperature was to be 1350°F. 

Examination of the sho r t - t e rm rig 

A columbium-1 percent zirconium tube was coated with a 5-mil layer  
of calcium titanate and tested a t  1350°F and 1650°F i n  the sho r t - t e rm 
endurance r i g  a t  a vacuum of The emittance w a s  0 .88  
during the 100-hour 1350°F tes t .  
r a i sed  to  1650 O F ,  the emittance decreased to 0 . 6 2  during a 68-hour 
t e s t .  
the coating. 

m m  Hg. 
However, when the temperature  was 

The drop in emittance is  attributed to a chemical breakdown of 

The columbium- 1 percent zirconium tube w a s  analyzed and a substantial 
amount of oxygen was found to have diffused into the metal .  The oxygen 
content found by vacuum fusion testing w a s  about 3200 ppm in the columbium 
alloy. 
The resu l t s  f rom this tes t  indicate that calcium titanate is  not useful in 
the 1600 to 1800 "F temperature  range and this mater ia l ,  therefore ,  
has  not been given fur ther  consideration for  high-temperature testing. 

Unused columbium tubes usually have l e s s  than 200 ppm of oxygen. 
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I 
~ The calcium titanate powder used for these t e s t s  w a s  obtained f rom the 1 Titanium Division of National Lead Corporation. The particle s ize  

The X-ray diffraction 
I analysis performed showed CaTiOg to be the only crystall ine phase 
I p resent .  The emission spectrographic analysis  showed the only other 
I elements present to be silicon and magnesium in trace amounts. 

distribution of the powder is shown in Table 2 .  
I 

TABLE 2 

Par t ic le  Size of Calcium Titanate Powder 

Par t ic le  Size 
( Microns) 

66 
5 2  
41 
33 
26 
21 
17 
1 5  
13 
10 

8 
6 .  

Cumulative Weight 
Percent  

23.0 
58.0 
80.0  
81.0 
87.0  
9 3 . 0  
96 .5  
96 .7  
9 7 . 0  
9 8 . 6  
9 9 . 0  

100 

The calcium titanate powder was applied to the AISI-310 s ta inless  s teel  
tubes and columbium- 1 percent zirconium tubes by plasma spraying. 
Argon w a s  used as  both the a r c  gas  and powder c a r r i e r  g a s .  The spray  
flow ra t e s  were 55 and 30 cubic feet  per hour,  respectively.  The cdr ren t  
was 500 amperes .  

Some of the sprayed powder was scraped  f rom the AISI-310 s ta inless  
s tee l  tube for analysis .  
The spectrographic analyses  showed t race  amounts of silicon and 
magnesium plus slight amounts of i ron,  chromium, and nickel. The 

of the s ta inless  s teel  substrate  being present in the sample because 
of the scraping operation used in obtaining powder for  analyses .  

The only crystall ine phase detected was CaTi03 .  

1 presence of i ron ,  chromium, and nickel is attr ibuted to small  amounts 
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Zirconium Diboride-Molybdenum Disilicide - A columbium- 1 percent 
zirconium tube with a 4-mil thick coating of 90 mole percent zirconium 

1 diboride (ZrB2)  with 10 mole percent molybdenum disilicide (MoSi2) i n  
1 solid solution was tested.  The emittance of this coating was under 0.85, 
and problems were encountered with inadequate adherence between the 
coating and the substrate  during thermal  cycling. The "Boride Z" evalu- 

; a ted  by P r a t t  & Whitney Aircraft  was applied by plasma-spraying af te r  
1 i t  had been crushed and screened to  the desired -250  f 325 mesh s ize .  

PAQL NO. 19 . 



II q P R A T T  & WHITNEY A I R C R A F T  

s 
f 
1 
3) 

c 
8 
I 

i VII.  CHEMICAL, METALLURGICAL, AND MECHANICAL STUDIES 

1 Analyses were  conducted to further evaluate iron-ti tanate-coated and 

~ addition, attempts were made to satisfactorily bond silicon carbide to  
1 columbium- 1 percent zirconium, 

nickel - chrome - s pine1 - coated columbium - 1 percent zirconium. In 

A columbium- 1 percent zirconium tube coated with i ron titanate and 
tested during the previous program at 1800°F for 200 hours  was 
chemically analyzed. The results indicated that no significant changes 
had occurred in either the coating or the substrate.  Oxygen diffusion 
analysis showed only a slight increase in the oxygen content of the 
substrate.  Microhardness measurements obtained on a cross-sect ion 
of the substrate  tube revealed no significant hardness  change. These 
resu l t s  in conjunction with previous emittance tes t s  and the recent  
short- term endurance t e s t  indicated the suitability of this coating- 
substrate  combination for long-term endurance testing. 

A s imilar  analysis was conducted on a nickel-chrome- spinel coated 
columbium- 1 percent zirconium tube. This tube, which was a l so  
evaluated during the previous program, was tested for 100 hours  at 
1800°F. It was found that about 2000 ppm of oxygen had diffused into 
the substrate  and that the substrate hardness  had changed significantly. 
These resu l t s  indicated that nickel-chrome spinel coatings of the 
purity obtained to date were  not suitable for high-temperature space 
radiator  applications. 

Attempts were  made to apply silicon carbide to columbium- 1 percent 
zirconium tubes by vapor deposition. This technique was not suc- 
cessful ,  however, and the coating spalled during the cooling cycle. 
The spalling was apparently caused by the differential thermal  ex- 
pansion between the coating and the substrate  since the deposition 
process  produced a dense,  hopogeneous coating. Additional testing 
of silicon carbide will not be conducted unless a method for sat is-  
factorily bonding this mater ia l  to a suitable substrate  is  developed. 
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VIII. LONG-TERM ENDURANCE EMITTANCE TESTS 

1 A. Introduction 
~ 

Three  coating-substrate combinations tested in  the sho r t - t e rm endurance 
emittance r i g  displayed adequate adherence and total hemispherical  

1 
I emittance values grea te r  than 0.85 and consequently were selected for  
' 5000-hour endurance testing. These combinations were i ron  titanate 

applied to columbium- 1 percent zirconium, i ron  titanate applied to 
AISI-310 s ta inless  s teel ,  and calcium titanate applied to  AISI-310 stain- 

, l e s s  s teel .  

B. Tes t  Results 

Iron Titanate Coating on Columbium- 1 Fkrcent Zirconium - The columbium- 
1 percent zirconium tube coated with a 4-mil layer  of i ron  titanate has  
been tested for over 1950 hours a t  1700 O F  in a vacuum of l o e 7  mm Hg. 
o r  bet ter .  
Figure 9 .  
dropped slightly f r o m  0.88 to  0.85 between 600 and 1800 hours .  
gradual decrease in emittance appears to  have ceased and a constant 
value of 0.85 was observed a t  the end of this reporting period. 

I 

The emittance obtained to date for this coating is shown in  
As can be seen in this f igure,  the emittance of this coating 

This 

The vacuum which has  been maintained during the run is shown in 
Figure 10. As can be seen i n  the graph, severa l  slight leaks have 
occurred  during the tes t .  These were quickly stopped, and a t  no t ime 

' has  the pressure  been higher than mm Hg. 

i The specimen was thermally cycled a f te r  initial heating and af te r  100, 
200, 300, 400 and 500 hours .  Four  additional unscheduled thermal  
cycles occurred between 1870 and 1950 hours .  
of the power being automatically shut off because of fluctuating water 
p re s su re .  
appearance of the specimen after the thermal  cycles.  
the specimen af ter  1031.3 hours of testing is shown in Figure 11. 

These were a resul t  

No adverse effects  were noted either in emittance o r  
The appearance of 

Iron Titanate on AISI-310 Stainless Steel - The AISI-310 stainless s teel  
tube coated with a 4-mil i ron titanate coating has  accrued almost  1000 
hours  of endurance testing a t  1350'F. The emittance values obtained 
to  date a r e  shown in Figure 12. 
a t  about 0 .  89 throughout most of the tes t .  

As shown, the emittance has  been steady. 
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/The vacuum has  been r e  
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xtively cons-ant a t  about 2 x 
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0-8mrnHg.  The 
acuum maintained is shown in Figure 13.  The appearance of the specimen 

af te r  the tes t  began is shown in F igure  14. 

lThe specimen w a s  thermally cycled a f te r  300, 400 and 500 hours  to  
supplement the three cycles performed during the shor t - te rm tes t .  No 
adverse  effects were noted a f te r  the thermal  shock t e s t s .  

(Calcium Titanate Coating on AISI-310 Stainless Steel - The AISI-310 
stainless  s teel  tube with a 4-mil calcium titanate coating has  be.en tes ted 
&or about 2000 hours  at 1350'F. 
remained near  o r  a t  0 .9  1 throughout most of the tes t  a s  shown in F igure  
115. 
Figure 16. This specimen was also thermally cycled af ter  300, 400, 
and 500 hours  of testing. These three thermal  cycles,  along with the 
three thermal  shock tes t s  performed during the shor t - te rm t e s t ,  had 
po noticeable effect on the emittance o r  adherance of the coating to the 
subs t ra te .  

T 

The total hemispherical  emittance has  

The appearance of the specimen af ter  1077.4 hours  is shown i n  

khe  vacuum that has  been maintained during the tes t  is shown in F igure  
17.  
At only one t ime did the pressure  reach the 10-7 m m  Hg.  level.  
bas a consequence of a leak which developed in the thermocouple feed- 
through a r e a  of the instrumentation flange and w a s  quickly corrected.  

The vacuum has  been in the l o m 8  mm Hg range for most  of the t e s t .  
I This 
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IX.  ADHERENCE TESTS 

A .  Introduction 

)The ability of a high-emittance coating to dissipate heat f r o m  a space 
Tadiator is dependent upon the maintenance of an  intimate contact between 
Uhe coating and the substrate .  Separation breaks the heat conduction path 
6etween the substrate  and the coating and destroys the usefulness of the 
hoating . vibrations and these vibrations 
?end to  break the coating -substrate bond, 
i s  being conducted to determine the adherence of the high-emittance 
Coatings being considered to  AISI-310 stainless s teel  and to columbium- 
4 percent zirconium. 

Space radiators  a r e  subject to 
Consequently, an  investigation 

1 

'The adherence is evaluated by determining the number of cycles of 
,120 cps vibration required to fail a specimen a t  a given s t r e s s  level. 
'The specimen is considered to have failed when the coating ei ther  
spal ls ,  c racks ,  o r  separa tes  f rom the substrate  o r  when the specimen 
f r ac tu res .  
the specimen modulus of elasticity, and the amplitude of vibration. The 
, resul ts  a r e  plotted as s t r e s s  v s  number of cycles to failure and the curve 
produced descr ibes  the adherence of the coating- substrate  combination. 

The maximum s t r e s s  is calculated f rom the specimen geometry,  

B. Fatigue Test  Apparatus 

Westinghouse high- temperature  vibration fatigue equipment, Type MD, 
was used for a l l  adherence testing. This apparatus ,  which is shown 
in Figure 18, is a fixed-cantilever, constant-deflection-type device 
designed to s t r e s s  metal  specimens in  alternating bending a t  a frequency 
of 120 cycles per second. The specimen is driven at constant amplitude 
by a reciprocating electro-magnetic motor supplied with two-phase 60-  
cycle power. 
of vibration of the specimen..  An automatic control turns  off the power 
when the specimen f rac tures .  

Controls a r e  provided to maintain a constant amplitude 

The specimen i s  clamped at the top to a stationary frame and a t  the bottom 
to  a drive rod connected to  the reciprocating drive motor .  Since the 
specimen is driven at 120 cps ,  small  tuning weights a r e  added to the 
lower clamp to bring the fundamental frequency of the cantilevered specimen 
and clamp assembly to about 120 cps.  This reduces the required driving 
fo rce .  A microscope is used to measure  the amplitude. 
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C .  Specimens 

PWA-2518 

The Westinghouse type fatigue specimens used were fabricated f r o m  
,AISI-310 stainless s tee l .  Figure 19 shows the geometry of the specimen 
p e d  in this program, and Figure 20 shows an  actual 3 .  5-inch s ta in less -  
/steel sample.  

I 
'The specimens were prepared for  coating by gr i t  blasting the necked down 
section with number 60 silicon carbide g r i t  a t  100 psi ,  which is the same 
preparation procedure used for emittance specimens.  

ispraying using g a s  and cur ren t  settings identical to those used in  spraying 
emittance specimens.  

I 

I 

Figure 21 shows 
specimen af ter  g r i t  blasting. They were then coated by p lasma-arc  

A coated fatigue specimen is shown in F igure  22. 

During the report  period, a total of ten samples were coated with calcium 
titanate and six were g r i t  blasted and not coated for comparison. 

1D. Tes t  Results 

The six grit-blasted specimens which were not coated were used to 
determine the fatigue strength of AISI-310 s ta inless  s tee l .  

I 
lare depicted in Figure 23. 
' causes  f rac ture  in 10 

Tes t  resu l t s  
The run-out fatigue strength (the s t r e s s  whirl-& 

cycles) was determined to be 50,000 to 55 ,000  psi .  7 

To detect the initiation of coating fai lure ,  the tes t  w a s  stopped periodically 
'and the specimen was examined. 
)the coating showed any indication of fa i lure .  
I(see Figure 24) w a s  about 55,000 psi ,  the same a s  for the uncoated 
' specimen.  
level  above 55 ,000  ps i  and failed before l o 7  cycles. A photomicro- 
graph of the coating and substrate is shown in Figure 26. The coating 
i s  seen  to be completely intact and there  i s  no evidence of cracking. 
Fatigue testing has  shown that the adherence of the calcium titanate 
to  the AISI-310 s ta inless  s teel  i s  very satisfactory. The t e s t  resu l t s  
obtained indicate that this coating is capable of functioning for the 
l imi t  of the substrate.  

In a l l  cases ,  the substrate  failed before 
1 The run-out s t r e s s  level 

Figure 25 shows a specimen which w a s  tes ted a t  a s t r e s s  
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X. CONCLUSIONS 

The work conducted to date indicates that calcium titanate and i ron 
I 1 titanate a r e  suitable mater ia ls  for space radiator  radiator  applications. 

1AISI-310 stainless s teel  coated with calcium titanate w a s  found 
ihibit the following propert ies .  

I 
to ex- 

#1.  A total hemispherical  emittance of about 0 .91 for  2000 hours  a t  
1350'F in  a vacuum of about l o e 8  m m  Hg. 

\ 2 .  Freedom f rom adverse effects when subjected to thermal  cycling. 

1 3 .  Coating integrity when subjected to fatigue testing up to l o 7  cycles 
at 120 cps a t  s t r e s s  loads up to 55,000 psi .  

F o r  AISI-310 s ta inless  s teel  coated with i ron  titanate, the following 
propert ies  we r e  found. 

I 

1. A constant total hemispherical  emittance of 0.89 for 1000 hours  
a t  1350°F in a vacuum of 2 x m m  Hg. 

2.  Freedom f rom adverse effects when subjected to thermal  cycling. 

The properties demonstrated for columbium- 1 percent zirconium coated 
/with i ron  titanate were as follows. 

jl. A total hemispherical  emittance between 0.85 and 0.87 for  1950 
hours  a t  1700.F in  a vacuum of about m m  Hg. 

' 2 .  Freedom f rom adverse effects when subjected to thermal  cycling. 



XI.  F U T U R E  WORK 

51 ort- terrn e n d u r a n c e  t e s t s  wil l  be conducttscl on c-olumbium tita;;atc. 
~ i l r l  z irconiuin t i t ana te  coa t ings  appl ied  to c o 1 u n i l ) i u r n -  I pt'rc(,i?i z i r c o n i u m  
tui,cxs. 
I I L ~  CIT  h i g h e r .  
;Lti!ltLrcficv, i t  w i l l  bt. s u b j e c t e d  to l o n g - t e r m  t ,ndiirance t e s t i n g .  

' T h c s c  t e s t s  wil l  be conducted  at 1700 " F  i n  v ; f cuur r i s  ol: 1 0 - 7  Inn2 

If onc of t h e s e  coatings exh ib i t s  high t m i t t a n c c  and  adcqiintc 

A t l h ( ~ r c n c t ~  tc,sts will bc conducted  on  i r o n - l i t a n a t c - c o a t c d  AISI-310 
s t a i n l c s s  s t c c l  and columbium- 1 perccnt z i r c o n i u t n  specimens. 
t r i i l  th ick  coa t ings  wil l  be  uscd. 

Four- 
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AISI-310 Stainless Steel  Tube Coated 
With Calc ium Titanate After  1077 .4  Hours  a t  1350°F 

F igure  16 
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AISI- 3 10 Stainless  Steel Fat igue 
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